Rationale Previous research suggests that the vesicular monoamine transporter-2 (VMAT2) is a novel target for the treatment of methamphetamine (METH) abuse. Objective The effects GZ-793A, a novel, selective, and potent lobelane analog, on the rewarding effects of METH, cocaine, and palatable food in rats were determined. Method GZ-793A (3-30 mg/kg, s.c.) was administered 20 min prior to each session in which the groups of rats pressed a lever for infusions of METH (0.03 mg/kg/ infusion), cocaine (0.3 mg/kg/infusion), or food pellets. Tolerance to repeated GZ-793A (15 mg/kg, s.c. for 7 days) on METH self-administration and food-maintained responding was determined. The ability of increasing doses of METH (0.001-0.56 mg/kg, i.v.) to surmount inhibition produced by GZ-793A (15 mg/kg, s.c.) was determined. Self-administration of GZ-793A (0.01-0.3 mg/kg/infusion, i.v.) was tested as a substitute for METH infusion. GZ-793A (15 mg/kg, s.c.) was administered 20 min prior to METH or saline conditioning in a place preference test. Results GZ-793A specifically decreased METH selfadministration, without the development of tolerance.
Introduction
Methamphetamine (METH) abuse is a serious public health concern. According to the National Institute on Drug Abuse (NIDA), as of 2007, 1.3 million people over the age of 12 reported using METH within a 12-month period. Currently, treatment for METH abuse relies on cognitive-behavioral therapies, 12-step programs, and contingency management. While psychosocial therapies are effective, evidence suggests that they are significantly more effective in treating drug abuse in conjunction with pharmacological treatment (e.g., Anton et al. 1999; Evins et al. 2001) . Unfortunately, there are no FDA-approved medications available to treat METH abuse.
Drug and natural rewards (e.g., food) are mediated primarily by mesocorticolimbic dopamine (DA) function (e.g., Wise and Rompre 1989) . METH alters numerous components of DA system function including decreasing DA metabolism by inhibition of monoamine oxidase, reversing DA translocation by the dopamine transporter (DAT), augmenting DA release from synaptic vesicles, increasing cytosolic DA concentrations for DAT reverse transport, and indirectly enhancing DA synthesis via activation of tyrosine hydroxylase (Fleckenstein et al. 2009; Guillot and Miller 2009 ). The outcome is a METHinduced increase in extracellular DA, critically involved in its rewarding effects (Vollm et al. 2004 ). Thus, pharmacotherapies for METH abuse have focused on targets that decrease METH-induced DA release (Vocci and Appel 2007) .
Pharmacological inhibition of the vesicular monoamine transporter-2 (VMAT2) may be an effective strategy to attenuate METH-induced increases in extracellular DA and diminish METH reward (Dwoskin and Crooks 2002; Zheng et al. 2006) . Lobeline, an alkaloid from Lobelia inflata and VMAT2 inhibitor (Teng et al. 1997) , reduces amphetamineand METH-induced DA release from rat striatal slices (Miller et al. 2001; Nickell et al. 2010) . Lobeline attenuates METH self-administration in rats (Harrod et al. 2001 ) and reduces amphetamine-and METH-induced hyperactivity (Miller et al. 2001) . Phase 1b clinical trials found lobeline to be safe in METH-abusing individuals (Jones 2007) . However, lobeline is not selective for VMAT2, acting as an antagonist at nicotinic receptors (nAChRs; Dwoskin and Crooks 2002) , prompting the search for more selective VMAT2 inhibitors as potential efficacious therapeutics for METH abuse.
Lobelane, a defunctionalized lobeline analog ( Fig. 1 ; Zheng et al. 2006) , with little affinity for nAChRs (Miller et al. 2004; Nickell et al. 2010) attenuates METH selfadministration specifically and blocks METH-induced hyperactivity; however, tolerance develops to the effects of lobelane (Neugebauer et al. 2007 ). UKCP-110, a pyrrolidine nor-lobelane analog, potently and selectively inhibits VMAT2 function, inhibits METH-evoked striatal DA release, exhibits low affinity for nAChRs, and specifically attenuates METH self-administration, without producing tolerance (Beckmann et al. 2010) . These findings indicate that novel compounds that inhibit VMAT2 have a preclinical profile supporting their development as METH abuse treatments.
In the current study, the ability of a novel Ndihydroxyl lobelane analog, N-(1,2R-dihydroxylpropyl)-2,6-cis-di-(4-methoxyphenethyl)piperidine hydrochloride, GZ-793A (Fig. 1) , to block METH reward was examined. GZ-793A is a potent and selective VMAT2 inhibitor that eliminates METH-induced striatal DA release (Horton et al. 2011b ). These promising neurochemical results provide the impetus to determine the ability of GZ-793A to block METH reward via self-administration and conditioned place preference (CPP) assays. GZ-793A specificity was evaluated by determining its ability to block cocaine and food reward via self-administration and food-maintained operant responding, respectively. The development of tolerance to these effects of GZ-793A was determined. To evaluate potential for abuse liability, GZ-793A was assessed for its ability to maintain self-administration and to establish CPP.
Materials and methods

Subjects
Adult male Sprague-Dawley rats (Harlan Inc., Indianapolis, IN), 2-4 months of age, were housed individually in a temperature-and humidity-controlled environment with a 14:10 h light/dark cycle; experimentation was conducted during the light phase. The rats were acclimated to the colony and handled daily for 1 week. Rats were maintained on an ad libitum feeding schedule. Experimental protocols were in accordance with the 1996 NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee at the University of Kentucky.
Apparatus
Operant conditioning experiments were conducted in operant conditioning chambers (ENV-008, MED Associates, St. Albans, VT), enclosed within sound-attenuating compartments (ENV-018M, MED Associates). Each chamber was connected to a PC interface (SG-502, MED Associates) and operated using MED-PC™. Within each chamber, there was a 5×4.2-cm recessed food tray, two extended retractable levers mounted on either side of the recessed food tray (7.3 cm above metal rod floor), and a 28-V, 3-cm diameter, white cue light mounted 6 cm above each lever. Drugs (0.1 ml over 5.9 s) were infused via syringe pump (PHM-100, MED Associates) through a water-tight swivel attached to a head-mounted cannula.
CPP experiments were conducted in rat CPP chambers (MED-CPP-RS, MED Associates), enclosed in soundattenuating compartments. Each chamber contained three compartments separated by manual guillotine doors and illuminated with white 28-V lights: two 28-cm long compartments (black with steel rod floor or white with wire mesh floor) separated by a 12-cm long compartment (gray with smooth plastic floor). Drugs D-Methamphetamine HCl was purchased from SigmaAldrich (St. Louis, MO), and cocaine HCl was a gift from the NIDA (Bethesda, MD). N-(1,2R-Dihydroxylpropyl)-2,6-cis-di-(4-methoxyphenethyl)piperidine HCl (GZ-793A, Fig. 1 ) was synthesized according to reported methods (Horton et al. 2011b ). Compounds were dissolved in sterile saline (0.9% NaCl) and administered as salt weights.
METH and cocaine self-administration METH and cocaine self-administration were carried out according to previous studies (Beckmann et al. 2010; Green et al. 2010; Harrod et al. 2001; Neugebauer et al. 2007) , including training, drug dose, and stability criteria. Rats were trained briefly to respond on one lever for food reinforcement (active lever) on an FR 1 schedule, while responding on the other lever had no consequence (inactive lever; counterbalanced). The rats were anesthetized (100 mg/kg ketamine and 5 mg/kg diazepam, i.p.) and catheters were implanted into the right jugular vein. Following a 1-week recovery period, two groups of rats were trained to press the active lever for either an infusion of METH (0.03 mg/kg/infusion) or cocaine (0.3 mg/kg/ infusion). Each infusion was followed by a 20-s signaled (illumination of both lever lights) time out, and the response requirement was gradually increased to a terminal fixed ratio 5 (FR 5) schedule of reinforcement over nine sessions. Each daily session lasted 60 min, and training continued until responding stabilized, with 20% or less variability in the number of infusions earned across three successive sessions, at least a 2:1 ratio of active to inactive lever responses, and at least ten infusions earned per session. Once rats reached the terminal FR 5, the average number of sessions to criteria was not different between METH (8.0 ± 1.39) and cocaine (6.57 ± 0.20) groups. GZ-793A (3, 10, 15, or 30 mg/kg, s.c.) or saline was administered acutely 20 min prior to the session, according to a Latin square design. At least two maintenance sessions (i.e., no treatment) were included between each test session to ensure stable responding. To investigate tolerance to the effects of GZ-793A on METH self-administration, a separate group of rats was administered GZ-793A (15 mg/kg, s.c.) or saline 20 min prior to each of seven consecutive METH self-administration sessions.
Food-maintained responding
The methods for food-maintained responding were identical to those for METH and cocaine self-administration, with two exceptions; rats did not undergo catheter implantation surgery and rats responded for food pellets [45-mg pellets (BIO-SERV, #F0021, Frenchtown, NJ] throughout the experiment.
METH dose-effect
The METH dose-effect experiments were conducted using published methods (Beckmann et al. 2010; Harrod et al. 2001) . A group of rats was trained initially to selfadminister METH (0.03 mg/kg/infusion). Following stable responding, METH unit dose (0.001-0.1 mg/kg/infusion, including saline) was varied across sessions, according to a Latin square design. Then, to determine if higher doses of METH would surmount the effect of GZ-793A, GZ-793A (15 mg/kg, s.c.) was administered 20 min prior to METH self-administration sessions across METH doses (0.001-0.56 mg/kg/infusion, including saline). Each METH dose was tested on two consecutive 60-min sessions and data averaged for statistical analysis. At least two maintenance sessions, in which rats self-administered the training dose (0.03 mg/kg/infusion), were included between each test session to ensure stable responding.
GZ-793A substitution
Rats were trained to self-administer METH (0.03 mg/kg/ infusion), and following stability, assigned to the saline or GZ-793A group matched for baseline responding. GZ-793A (0.01, 0.03, 0.1, and 0.3 mg/kg/infusion; ascending dose order) or saline was substituted for METH over an additional 20 sessions, with each dose tested for five consecutive days. Then, the rats resumed selfadministration of the training dose of METH (0.03 mg/kg/ infusion) for five sessions.
METH-conditioned place preference CPP procedures were based on published methods (Neugebauer 2008) . A single preconditioning day was followed by eight conditioning days and a postconditioning test day. During the preconditioning day, rats had free access for 15 min to all CPP chamber compartments (black, white, and gray). The rats were randomly assigned to four groups (saline-saline, saline-METH, GZ-793A-saline, and GZ-793A-METH). On four of the eight conditioning days, rats were injected with saline or GZ-793A (15 mg/kg, s.c.) 20 min prior to an injection of saline or METH (0.5 mg/kg, s.c.) and were confined immediately to a side compartment (black or white, counterbalanced). On alternating conditioning days, the rats were injected with saline and confined to the alternate compartment. During the post-conditioning day, rats were had free access for 15 min to all compartments. A difference score (time spent in drug-associated compartment during post-conditioning day minus time spent in drug-associated compartment during preconditioning day) defined CPP. No injections were given on the pre-or postconditioning days.
Statistical analyses
Separate one-way repeated-measures analysis of variance (ANOVA) determined the acute effects of GZ-793A on METH self-administration, cocaine self-administration, food-maintained responding, and inactive lever pressing. Separate two-way mixed-factors ANOVAs determined the effects of repeated GZ-793A on METH self-administration, food-maintained responding, inactive lever pressing, and body weight. Data were analyzed as percent baseline for the acute and repeated GZ-793A experiments. Baseline was defined as the two baseline days preceding treatment (acute effects) or treatment session 1 (repeated effects). Separate two-way mixed-factors ANOVAs determined the effects of GZ-793A on METH self-administration and foodmaintained responding across time, on the METH doseeffect curve, and on the effect of substituting GZ-793A for METH during self-administration. A one-way ANOVA determined the effect of GZ-793A on METH-induced CPP. Post hoc analyses were performed using Bonferronicorrected pairwise comparisons.
Results
Effects of acute GZ-793A on METH self-administration, cocaine self-administration, and food-maintained responding GZ-793A dose-dependently decreased the number of METH infusions, expressed as a percent change from baseline (baseline mean ± SEM=18.5±1.47 infusions; Fig. 2a ). One-way ANOVA revealed a main effect of dose [F(4, 20) =13.99, p<0.01]. Post hoc analyses indicated that GZ-793A (10, 15, and 30 mg/kg) significantly decreased METH infusions. In contrast, one-way ANOVA revealed no main effect of GZ-793A dose on inactive lever presses during METH self-administration (data not shown; baseline mean ± SEM=5.83±3.51 inactive lever responses).
GZ-793A also dose-dependently decreased the number of cocaine infusions, expressed as percent change from baseline (baseline mean ± SEM=33.3±1.46 infusions; Fig. 2b ). One-way ANOVA revealed a main effect of dose [F(4, 24)=5.69, p<0.01]. Post hoc analyses indicated that only the highest dose of GZ-793A (30 mg/kg) significantly reduced cocaine infusions. In contrast, one-way ANOVA revealed no main effect of GZ-793A on inactive lever presses during cocaine self-administration (data not shown; 0.54±0.18 inactive lever responses).
GZ-793A did not alter the number of pellets earned, expressed as a percent change from baseline (baseline mean ± SEM = 49.4 ± 3.71 pellets; Fig. 2c ). One-way ANOVA revealed no main effect of dose on the number of pellets earned [F(3, 33)=1.26, p>0.05] . In addition, like METH and cocaine self-administration, one-way ANOVA revealed no main effect of dose on inactive lever presses during foodmaintained responding [F(3, 33) =2.60, p>0.05]; data not shown; 1.50±0.57 inactive lever responses). Fig. 2 Acute effects of GZ-793A on METH self-administration, cocaine self-administration, and food-maintained responding. a Relative to SAL control, GZ-793A treatment (s.c.) dose-dependently decreased METH infusions, n=6. b GZ-793A treatment (s.c.) dosedependently decreased cocaine infusions, n=7. c GZ-793A treatment (s.c.) did not alter pellets earned, n=12. Asterisk denotes significant difference relative to SAL control Effects of repeated GZ-793A on METH and food-maintained responding Since the 15 mg/kg dose of GZ-793A reduced METH infusions by ∼50% (Fig. 2) , this dose was used in subsequent experiments. Figure 3 (top panel) illustrates that across seven consecutive sessions, GZ-793A (15 mg/kg) administration continued to decrease METH selfadministration, expressed as a percent change from baseline (baseline mean ± SEM for GZ-793A group=17.5±2.0 infusions; saline group=19.3±1.6 infusions). Two-way ANOVA revealed a main effect of treatment [F(1, 6)=45.24, p<0.01], but no main effect of session or treatment × session interaction, indicating that repeated GZ-793A reduced METH self-administration across the seven consecutive sessions. Post hoc analyses indicated that, relative to saline control, METH infusions were significantly decreased following GZ-793A for each of the seven consecutive sessions. In contrast, a two-way ANOVA revealed no main effect of GZ-793A on inactive lever presses during METH self-administration (data not shown; GZ-793A group, 4.90± 1.05 inactive lever responses; saline group, 5.75±1.27 inactive lever responses). Figure 3 (bottom panel) illustrates that GZ-793A (15 mg/kg) administration across seven consecutive sessions increased the number of pellets earned across sessions, expressed as percent change from baseline (baseline mean ± SEM for GZ-793A group=48.3±4.66 pellets; saline group=46.0±2.39 pellets). Two-way ANOVA revealed a main effect of treatment [F(1, 10)=15.31, p<0.01], a main effect of session [F(6, 60)=2.93, p<0.05], and a trend toward a significant treatment × session interaction [F(6, 60) = 2.16, p = 0.05], demonstrating that GZ-793A increased the number of pellets earned and that this increase varied as a function of repeated treatments. Post hoc analyses indicated that GZ-793A significantly increased pellets earned on sessions 4-7. In contrast, like METH self-administration, a two-way ANOVA revealed no significant effects of GZ-793A on inactive lever presses during food-maintained responding (data not shown; GZ-793A group, 0.57± 0.11 inactive lever presses; saline group, 0.71±0.16 inactive lever presses).
The time course of effect for GZ-793A to decrease METH infusions during the last session of repeated treatment (session 7) is illustrated in Fig. 4 (Fig. 4) . Post hoc analyses indicated that GZ-793A significantly reduced METH infusions at 5-15, 25-35, and 45 and 60 min time points.
Two-way ANOVA revealed a main effect of session [F (6, 36)=25.84, p<0.01], but no main effect of GZ-793A treatment and no session × treatment interaction on body weight across METH self-administration sessions. As expected, weight increased across sessions, and repeated GZ-793A treatment had no effect on weight gain (data not shown). Regarding the effect of repeated GZ-793A treatment on body weight across food-maintained sessions, twoway ANOVA revealed a main effect of session [F(6, 60)= Fig. 3 Effect of repeated GZ-793A on METH self-administration and food-maintained responding. Top panel Relative to saline control, repeated GZ-793A (15 mg/kg; s.c.) treatment significantly decreased METH infusions, without the development of tolerance, n=4/group. Bottom panel Repeated GZ-793A (15 mg/kg; s.c.) treatment significantly increased pellets earned, n=6/group. Asterisk denotes significance relative to saline control Weight increased across sessions; however, rats treated with repeated GZ-793A gained weight at a significantly higher rate than the saline control group (GZ-793A group=4% increase; saline group=2% increase; data not shown).
Effect of GZ-793A on METH dose-effect curve GZ-793A treatment produced a downward shift in the METH dose-effect curve (Fig. 5) 
GZ-793A substitution
Baseline levels of METH self-administration did not differ between the GZ-793A and saline groups (Fig. 6) . Following stability, either GZ-793A (0.01-0.3 mg/kg/infusion) or saline was substituted for METH (0.03 mg/kg/infusion) on sessions 2-21. The number of infusions did not differ between the GZ-793A and saline groups. On sessions 22-26, when METH self-administration was reinstated, the number of METH infusions earned by the GZ-793A group was not different from that earned by the saline group. Two-way ANOVA revealed a main effect of session [F(24, 288) =6.83, p<0.01], but no effect of substitution group or session × substitution group interaction. When either GZ-793A or saline was substituted for METH (session 21), the number of infusions was decreased compared to baseline [t (24)=−8.32, p<0.01]. When METH was reinstated (session 26), the number of infusions was increased compared to the last session in which GZ-793A or saline was substituted for METH (session 21) [t(24)=4.32, p<0.01]. Thus, when GZ-793A or saline was substituted for METH, the level of extinction was not different between GZ-793A and saline control groups, and the extinguished responding was reinstated in both groups by reinstating METH selfadministration.
Effect of GZ-793A on METH CPP GZ-793A treatment blocked the development of METH CPP, while having no effect (no preference or aversion) when given alone (Fig. 7) . One-way ANOVA revealed a main effect of treatment group [F(3, 24)=7.02, p<0.01]. Post hoc analyses indicated that the difference score was greater in the saline (SAL)-METH group compared to all other groups. No other between-group differences were found. Fig. 5 Effect of GZ-793A on METH dose-effect. The reduction in METH infusions following GZ-793A treatment (15 mg/kg; s.c.) was not surmounted by increasing the self-administered METH unit dose, n=10. Asterisk denotes significance relative to no pretreatment Fig. 7 Effect of GZ-793A on METH CPP. Treatment with GZ-793A (15 mg/kg; s.c.) blocked METH CPP, while GZ-793A treatment alone had no effect (no preference or aversion), n=7/group. Asterisks indicate significance relative to SAL-SAL control
Discussion
The current study was a comprehensive investigation of the ability of GZ-793A to specifically block METH primary and conditioned reward. GZ-793A decreased METH selfadministration throughout the 60-min session. Importantly, both METH self-administration and CPP were blocked at GZ-793A doses that did not produce a corresponding decrease in cocaine self-administration, food-maintained responding, or conditioned place aversion. The specificity of GZ-793A for METH reward, relative to cocaine, is likely due to differences in mechanisms of action, where METH directly interacts with VMAT2 and cocaine does not (Fleckenstein et al. 2009; Wilson and Kish 1996) . Furthermore, tolerance did not develop to the specific effects of GZ-793A on METH self-administration. The ability of GZ-793A to decrease METH self-administration was not surmounted by increasing METH unit doses, suggesting noncompetitive inhibition. Given that stimulant pretreatments are known to decrease stimulant self-administration (Caine et al. 1999 (Caine et al. , 2000 Wilson and Schuster 1973) , the effects of GZ-793A on METH self-administration could be interpreted as a substitution effect, with GZ-793A serving as a substitute reinforcer to reduce METH intake. However, this interpretation is unlikely because GZ-793A was not self-administered and did not produce CPP, indicating that GZ-793A treatment does not decrease METH selfadministration through substitution; these results also suggest that GZ-793A would have low abuse liability. The emergence of GZ-793A from an iterative drug discovery approach (Harrod et al. 2001; Neugebauer et al. 2007; Beckmann et al. 2010) demonstrates that potent and selective inhibition of VMAT2 function translates to optimal behavioral characteristics that are requisite for a candidate pharmacotherapy to treat METH abuse.
Within the dose range evaluated, GZ-793A did not decrease food-maintained responding. On the contrary, food intake was increased as a function of repeated GZ-793A treatment, and relative to saline control, was accompanied by a marginal body weight gain (4% increase from baseline weight). Although speculative, a number of underlying mechanisms could be responsible for the increase in responding for food pellets and weight gain, including perseverative responding on the food-reinforced lever, a general increase in motivation for palatable food, alterations in metabolic rate, and elevated hypothalamic noradrenergic function which could contribute to weight gain (Shimazu et al. 1986) . A comparison of the effects on food-maintained responding of GZ-793A with its parent compounds, lobeline and lobelane, reveals that only GZ-793A increased responding for food. However, several procedural differences between these studies limit direct comparisons. For example, the parent compounds were tested under restricted post-session access to food, whereas the current study evaluating GZ-793A employed unrestricted post-session food access throughout experimentation. Furthermore, lobeline was tested in 15-min food-maintained responding sessions without a time-out following pellet delivery (Harrod et al. 2001) . Lobelane was tested in 60-min sessions with a 100-s time-out following each pellet delivery (Neugebauer et al. 2007 ). Schedules used in the studies evaluating the parent compounds may have artificially suppressed the number of pellets earned within a session. In the current study, GZ-793A was tested on foodmaintained responding using a schedule identical to that for METH self-administration, i.e., FR5 with 20-s time-out following pellet delivery. In any case, the current finding that repeated GZ-793A treatment did not decrease foodmaintained behavior indicates that GZ-793A does not produce general response suppression or toxic effects within the dose range evaluated.
A growing body of evidence, including the current findings, demonstrates that inhibition of VMAT2 function specifically blocks METH reward (Harrod et al. 2001; Neugebauer et al. 2007; Beckmann et al. 2010) . Furthermore, VMAT2 inhibition selectively reduces METHinduced striatal DA release (Miller et al. 2004; Beckmann et al. 2010; Nickell et al. 2010; Horton et al. 2011a, b) , consistent with the critical involvement of DA function in reward (Berridge 2007; Wise and Rompre 1989; Everitt and Robbins 2005) . The effect of GZ-793A to inhibit METHevoked DA release is selective, since GZ-793A does not alter nicotine-evoked or field stimulation-evoked striatal DA release (unpublished results). The inability of GZ-793A to serve as a reinforcer is likely due to its inability to elevate extracellular DA when administered alone (Horton et al. 2011b ). Similar to self-administration, CPP is dependent on DA function (Bardo and Bevins 2000) . Thus, the inability of GZ-793A to elevate extracellular DA offers an explanation as to why GZ-793A does not establish a place preference.
GZ-793A has marked advantages as a clinical candidate for the treatment of METH abuse relative to its parent compounds (lobeline and lobelane). First, GZ-793A exhibited greater efficacy in decreasing METH selfadministration, while also demonstrating greater specificity than its parent compounds (present results; Harrod et al. 2001; Neugebauer et al. 2007; Beckmann et al. 2010) . However, direct comparisons of the present results with previous findings are limited due to several procedural differences instituted while evaluating the parent compounds relative to GZ-793A. A second advantage of GZ-793A is that it exhibits a longer duration of action in decreasing METH self-administration than either lobeline or lobelane (Harrod et al. 2001; Neugebauer et al. 2007) , with inhibition throughout the entire 60-min session. The increase in the duration of action of GZ-793A compared to its parent compounds suggests that GZ-793A has an improved pharmacokinetic profile (i.e., longer plasma half-life and/or lower clearance rate) and improved druglike properties, and may be more amenable to the development of clinical dosage formulations. Finally, GZ-793A is more selective inhibiting VMAT2 function than either lobeline or lobelane (Horton et al. 2011b) , suggesting that GZ-793A may have fewer side effects.
A controversy surrounding the development of VMAT2 inhibitors as pharmacotherapies for METH abuse is the potential for enhancement of METH-induced neurotoxicity. The neurotoxicity with repeated administration of high doses of METH in rats is associated with a decrease in VMAT2 protein immunoreactivity and function (Eyerman and Yamamoto 2007) , which may result in an elevation of cytosolic DA, leading to DA auto-oxidation and neurotoxicity. Further, VMAT2 knockout mice show increased METH neurotoxicity relative to wild-type mice (Fumagalli et al. 1999; Guillot and Miller 2009; Larsen et al. 2002; Vergo et al. 2007 ). However, reversible pharmacological inhibition of VMAT2 function has not been reported to exacerbate METH neurotoxicity in knockout or wild-type animals. On the contrary, lobeline protects against METH neurotoxicity (Eyerman and Yamamoto 2005) , and lobeline decreases METH-evoked striatal DA release . Supporting evidence of the safety of VMAT2 inhibitors includes that tetrabenazine has FDA approval for the treatment of Huntington's chorea (Bohnen et al. 2000; Suzuki et al. 2001) , and that METH-addicted individuals given lobeline in phase II clinical trials exhibited no adverse effects (Jones 2007) . Based on observations that GZ-793A is a more potent and selective inhibitor of VMAT2 than lobeline, neuroprotection from METH-induced toxicity would be predicted for GZ-793A. Thus, while METH-induced neurotoxicity may be enhanced in VMAT2 knockout mice, reversible pharmacological inhibition of VMAT2 appears to protect against METH neurotoxicity.
In summary, the current comprehensive investigation of the behavioral pharmacology of GZ-793A reveals that this novel compound specifically blocks METH primary and conditioned reward and has low abuse liability. The current research demonstrates that potent and selective inhibition of VMAT2 function translates to optimal behavioral characteristics that are requisite for a candidate pharmacotherapy to treat METH abuse.
